In humans, flavin-containing monooxygenase (FMO) functional diversity is determined by the expression of five FMO genes, named FMO1 to FMO5, and their variants. In this study, we systematically analyzed transcripts of FMO1 to FMO5 in different human tissues by reverse-transcription-polymerase chain reaction and identified a large number of splice variants. Exon skipping was the major splicing event observed. Normally spliced transcripts were generally the prominent transcript detected. For FMO1, FMO2, and FMO3, two to three different splice variants were identified, and their corresponding expression was always low in the tissues examined. For FMO5 and particularly for FMO4, more complex alternative splice patterns were observed, with five and seven splice variants detected, respectively. Most identified FMO splice variants either caused a frame-shift or lacked essential functional sites. The corresponding transcripts were therefore incapable of encoding a functional enzyme and were not analyzed further in this study. However, a common in-frame exon 3-(exon 4 for FMO4) deleted variant, leading to the deletion of 63 amino acids, was identified for FMO1, FMO3, FMO4, and FMO5. To examine the functional importance of exon 3-deletion, FMO1, FMO3, FMO4 and the corresponding exon-deleted proteins were expressed as fusion proteins. Activity studies were done with two selective functional FMO substrates, methimazole, and 10-(N,N-dimethylaminopentyl)-2-(trifluoromethyl)phenothiazine and exon 3-(exon 4 for FMO4) deleted FMOs were not able to catalyze the S-and N-oxygenation of these substrates, respectively. It is not clear whether these FMO splice variants can oxygenate other substrates, including those that remain to be discovered.
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The flavin-containing monoxygenases (FMOs) are a family of enzymes that catalyze the oxygenation of numerous nitrogen-, sulfur-, phosphorous-, and other nucleophilic heteroatom-containing chemicals, drugs, and xenobiotics (Ziegler, 1988; Cashman, 1995) . Each FMO exhibits distinct substrate specificity. However, FMOs show overlapping substrate specificity among the family members. Current information indicates that FMO functional diversity is contributed by the expression of five human FMO genes, named FMO1 to -5 (Lawton et al., 1994; Hines et al., 2002) , and their variants. A sixth FMO gene was described but apparently is a pseudogene (Hines et al., 2002) . The six human FMOs are localized on chromosome 1q and exist in a single gene cluster, except for FMO5 (Shephard et al., 1993; McCombie et al., 1996) . The six human FMOs share 50 to 80% sequence identity (Lawton et al., 1994) . All six FMOs contain eight coding exons. The boundaries and sizes of these coding exons are highly conserved among family members and across animal species. Expression of FMOs is tissue-and species-dependent . In tissues in which the amount of FMO is abundant, the apparent activity seems to be correlated with immunoreactivity and has been found to be dominated by the most prominent FMO expressed. For example, FMO3 is the most catalytically important isoform in adult human liver (Lomri et al., 1992) , whereas in adult human kidney, FMO1 is the most prominent form . In tissues in which expression level of FMO is less abundant, such as in human brain, the dominant FMO functional activity is less clear and the characterization of prominent FMO activity in these tissues has been challenging.
Besides gene duplication and divergence, alternative splicing of the primary RNA transcript is another mechanism for generating protein diversity for gene families. With the completion of the human genome sequence, it has become apparent that alternative splicing probably contributes to the complexity of the proteome much more than previously recognized (Mironov et al., 1999) . Alternative splicing has been characterized for a number of cytochrome P450 genes. Alternative splicing, through mechanisms of alternating exons, exon skipping, exon scrambling, and alternating splicing sites, has led to the expression of novel cytochrome P450 isoforms with unique catalytic activity and substrate specificity (Zaphiropoulos, 1996; Christmas et al., 2001; Domanski et al., 2001) . Information describing alternative RNA processing for human FMOs is available only for the human FMO6 gene (Hines et al., 2002) . Examination of FMO6 transcripts amplified from human liver RNA showed skipping of exons and/or using of alternative splice sites in introns. None of the transcripts detected for human FMO6 were full length; thus, FMO6 transcripts are rendered incapable of encoding a functional FMO6 enzyme. Therefore, human FMO6 is predicted to be a pseudogene. In other animals, there are also limited reports of FMO alternative splicing events. Rabbit FMO1 has been shown to have two upstream noncoding exons and to exhibit tissue-specific alternative splicing Hines, 1996, 1997 ). An alternative transcript of rat FMO4 has been identified in rat brain as a result of exon 4 skipping (Lattard et al., 2003) . With the skipping of exon 4 (i.e., a 189-bp fragment), the alternative transcript retains the reading frame and encodes a protein still containing the NADPH-and FAD-binding sites. Such an FMO4 without exon 4 could still have functional activity. Even if tissuespecific expression profiles of FMOs are quite distinct between animal species, information regarding alternative splicing in animals could still help resolve possible variations in humans. To further our understanding of the expression profile of human FMO1 to FMO5, we systematically studied the transcripts of FMO1 to FMO5 in multiple human tissues. With the focus on FMO coding exons, our goal was to characterize the prominent alternative splicing events for FMOs in different human tissues at different points in development and identify potentially novel functional FMO isoforms.
Materials and Methods
Chemicals. DNA polymerases and cDNA synthesis components were purchased from Invitrogen (Carlsbad, CA) and Promega (Madison, WI). All chemicals and reagents were purchased from Aldrich Chemical Co. (Milwaukee, WI) in the highest purity commercially available. The components of the NADPH generating system were obtained from Sigma Aldrich (St. Louis, MO). Buffer and other agents were purchased from VWR Scientific, Inc., (San Diego, CA). The phenothiazine analog 10-(N,N-dimethylaminopentyl)-2-(trifluoromethyl)phenothiazine (5-DPT) was synthesized by the method described previously (Brunelle et al., 1997) .
Total Tissue Samples. The ethics committee of Independent Review Consulting Inc. (San Anselmo, CA) approved this study. Tissue samples were obtained from the Brain and Tissue Bank for Development and Disorder at the University of Miami (Miami, FL), the Brain and Tissue Bank for Developmental Disorders at the University of Maryland (Baltimore, MD), and Stanford Research International (Menlo Park, CA). Total RNA was extracted from adult human brains and livers using TRIzol reagent (Invitrogen). Adult human liver total RNA was isolated from normal livers pooled from a total of 10 male/female white persons (aged 17 to 59 years). Human adult brain total RNA was isolated from normal brains pooled from 10 male/female white persons (aged 14 to 56 years). Total RNA concentrations were evaluated spectrophotometrically with UV absorbance at 260 nm.
Human fetal liver, human fetal brain, and human kidney total RNA were purchased from BD Biosciences Clontech Inc., (Palo Alto, CA). Based on information provided by the vendor, total RNA of corresponding tissues was isolated from human fetal livers pooled from a total of 63 spontaneously aborted male/female white fetuses (22-40 weeks), from human fetal brains pooled from a total of 24 spontaneously aborted male/female white fetuses (16-32 weeks), and from normal human kidneys pooled from a total of six male/female white persons (aged 28 to 52 years).
Reverse Transcriptions. Five different first-strand cDNAs were synthesized in the presence of five specific reverse primers RT1, RT2, RT3, RT4, and RT5 (Table 1) designed from human FMO1 (GenBank accession number 4503754), FMO2 (GenBank accession number 4503756), FMO3 (GenBank accession number 31542790), FMO4 (GenBank accession number 4503758), and FMO5 (GenBank accession number 4503760) cDNA sequences, respectively. First-strand cDNA templates were synthesized from 1 g of total RNA from adult human kidney, liver, and brain and from fetal human liver and brain in the presence of specific primers (50 pmol) in 20 l of standard reverse transcription buffer (20 mM Tris-HCl, pH 8.4, 5 mM MgCl 2 , 50 mM KCl, and 10 mM dithiothreitol) and 500 M of each deoxynucleotide triphosphate. After an initial denaturation step at 65°C for 5 min, Superscript II reverse-transcriptase (50 U, Invitrogen) was added and the reaction was incubated for 50 min at 42°C and then for 15 min at 70°C.
Direct-PCR Amplifications. One microliter of FMO cDNAs resulting from reverse transcriptions was amplified by PCR using specific primers designed from human FMO1, -2, -3, -4, and -5 cDNAs and genomic DNAs. Primers were specifically designed from individual exons ( Table 2 ). Different combinations of primers were used to examine different overlapping regions of the cDNA (from exon 1 or 2 to 5, from exon 3 to 7, from exon 5 or 6 to 9, from exon 2 or 3 to 9, and, only for FMO4, from exon 4 to 8). PCR was done using different combinations of primers (20 pmol), 1 unit of Taq DNA polymerase (Promega) in a total volume of 50 l of 1.5 mM MgCl 2 PCR buffer (10 mM Tris-HCl, pH 9.0, 50 mM KCl, and 0.1% Triton-X100) and 200 M of each deoxynucleotide triphosphate. Amplifications were done at 94°C for 3 min, 35 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 1 min, followed by a final extension at 72°C for 5 min. Amplification products were fractionated by electrophoresis on 1% agarose gel and visualized by ethidium bromide staining. The different PCR-products were gel-purified (QIAquick gel-extraction kit; QIAGEN, Valencia, CA) and sequenced in both directions (Allele Biopharmaceutical Inc., San Diego, CA).
Nested PCR Amplifications. First-step PCR-amplifications were done as described above, using specific forward and reverse primers designed from exons 1 and 9 (or 10 for FMO4), respectively, of the human FMO1, -2, -3, -4, and -5 cDNAs (Table 2) . Amplifications were done at 94°C for 3 min, 25 cycles of 94°C for 30 s, 60°C for 30 s and 72°C for 2 min, followed by a final extension at 72°C for 5 min.
PCR products were further re-amplified by PCR using the same combination of primers as those used for the direct PCR-amplifications described above (from exon 1 or 2 to 5, from exon 3 to 7, from exon 5 or 6 to 9, from exon 2 or 3 to 9, and only for FMO4 from exon 4 to 8). Amplifications were done at 94°C for 3 min, 35 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 1 min, followed by a final extension at 72°C for 5 min. PCR-products were fractionated by electrophoresis on 1% agarose gel and visualized. PCR-products were gel-purified and sequenced in both directions.
Amplifications of Exon 3 (Equivalent to Exon 4 for FMO4)-Skipped Variants for FMO1 to FMO5. Forward splice variant primers SP1 to SP5 were specifically designed to amplify exon 3 splice variants (Table 3) for FMO1 to FMO5, respectively. The specific splice variant primers were composed of 16 to 19 terminal nucleotides of exon 2 (equivalent to exon 3 for FMO4) and 2 to 4 initial nucleotides of exon 4 (equivalent to exon 5 for FMO4) ( Table  3) . From the PCR-products obtained for the first PCR-amplification described above, a re-amplification was done in the presence of the forward splice variant primer SP1, SP2, SP3, SP4, or SP5 (20 pmol) and the corresponding reverse primers belonging to exon 9 (exon 7 and 10 for FMO4). Amplifications were done at 94°C for 3 min, 35 cycles of 94°C for 30 s, 61°C for 30 s and 72°C for 1 min, followed by a final extension at 72°C for 5 min. PCR-products were fractionated by electrophoresis on 1% agarose gel and visualized. PCR-products were gel-purified and sequenced in both directions. Wild-type FMO1, -2, -3, -4, or -5 plasmids and corresponding exon 3-(equivalent to exon 4 for FMO4) deleted plasmids were used as negative and positive controls, respectively.
Cloning, Expression, and Purification of N-Terminal Maltose Binding Protein, C-Terminal Poly-Histidine Fusion WildType and Exon 3-or 4-Deleted FMOs. Wild-type human FMO1, FMO3, and FMO4 and the corresponding exon 3-or 4-deleted variants, respectively, were expressed as N-terminal maltose-binding protein (MBP) C-terminal poly-histidine (His 6 ) fusion proteins. Wildtype FMO1, FMO3, and FMO4 were amplified from fetal or adult liver and kidney, respectively, using specific primers designed from the corresponding cDNA sequences (GenBank accession numbers 4503754, 31542790, 4503758, respectively). The reverse primers used for amplification included an 18-nucleotide sequence encoding six histidines, allowing addition of a histidine tag to the cDNAs. Wild-type FMO1-His 6 , FMO3-His 6 , and FMO4-His 6 were subcloned into the expression vector pMAL-c2 and used as templates to construct the corresponding exon 3-or 4-deleted variants (i.e., MBP-FMO1-⌬ex3-His 6 , MBP-FMO3-⌬ex3-His 6 , MBP-FMO4-⌬ex4-His 6 )
Escherichia coli JM109 cells were transformed with MBP-FMO1-His 6 , MBP-FMO1⌬ex3-His 6 , MBP-FMO3-His 6 , MBP-FMO3-⌬ex3-His 6 , MBP-FMO4-His 6 , or MBP-FMO4-⌬ex4-His 6 plasmid and grown at 37°C in modified Hanahan's broth medium (2% bactotryptone, 0.5% yeast extract, 8 mM NaCl, 10 mM MgCl 2 , 2.5 mM KCl, and 20 mM glucose) to a UV absorbance of 0.5 to 0.6 at 600 nm. Isopropyl-␤-thio-galactopyranoside (0.2 mM), riboflavin (0.05 mM), and 100 g/ml ampicillin were then added. The cells were incubated overnight with constant shaking at 30°C. Cells were harvested by centrifugation at 6000g for 10 min and re-suspended in lysis buffer (20 mM phosphate, pH 7.4, 200 mM NaCl, and 0.5% Triton X-100) containing 0.2% L-␣-phosphatidylcholine and 0.5 mM phenylmethylsulfonyl fluoride. After incubation for 30 min at 4°C, the re-suspended cells were disrupted by sonication (i.e., 30-s bursts separated by periods of cooling), then centrifuged at 18,000g for 30 min at 4°C. The resulting supernatant was purified with an amylose column (New England Biolabs, Beverly, MA) as described previously (Brunelle et al., 1997) . The amylose-affinity column eluate was then applied to a HisTrap Chelating column (HisTrap Kit; Amersham Biosciences, Piscataway, NJ) equilibrated with buffer A (20 mM phosphate, pH 7.4, 0.5 M NaCl, 10 mM imidazole, and 0.5% Triton X-100) according to the manufacturers' specifications. After washing with buffer A, bound proteins were eluted with 200 mM imidazole in buffer A. Eluted fractions were fractionated by SDS-PAGE (Laemmli, 1970 ) and visualized by Coomassie blue staining.
The viability of wild-type proteins and corresponding variants was investigated by examining the oxygenation of specific FMO-substrates. Methimazole S-oxygenation was determined according to the method of Dixit and Roche (1984) . The N-oxygenation of 5-DPT was determined as described previously (Brunelle et al., 1997) .
Results
To systematically characterize transcripts of FMO1 to FMO5 from human tissues, we designed specific primers in different exons to analyze overlapping regions of the cDNA through RT-PCR analysis. To minimize nonspecific amplifications, gene-specific anti-sense primers (RT1-5; Table 1 ) were used to generate the first strand cDNAs from FMO1 to FMO5 used in subsequent PCR studies. Direct PCR amplification allowed the comparison of the expression levels of FMO1 to FMO5 in different tissues (A in Figs. 1, 3 , 4, and 5). Nested PCR amplification allowed the specific identification of alternatively spliced FMO transcript variants from different tissues (B in Figs. 1-5 ). Nested PCR-amplification of FMO1 to FMO5 from human tissues showed multiple alternative splicing variants. Because nested PCR-amplification was a very sensitive method and could possibly amplify nonspecific or low-frequency error products, only PCR-products reproducibly observed were considered. Certain alternative splicing products were detected through direct PCR, but not through nested PCR, because of preferential competitive am- plification of other PCR products in the same reaction. Therefore, the intensity of the bands obtained after nested PCR did not reflect the relative level of each splice variant. All splice variants indicated specifically in each figure have been fully sequenced to verify the alternative splicing events. Splice Variants of FMO1. The expression level of FMO1 mRNA was examined by direct PCR amplification in different tissues (i.e., pools of kidneys, livers, and brains) obtained from fetal or adult human samples (Fig. 1A) . For all the overlapping regions examined, normally spliced FMO1 transcripts were readily detected in kidney (lane 1), fetal liver (lane 2), and fetal brain (lane 4). No other transcript was observed after direct PCR-amplification. From adult liver (lane 3) and adult brain (lane 5), FMO1 mRNA was nondetectable after only direct PCR-amplification (Fig. 1A) . Only after the amplification was done from exons 5 to exon 9 were faint signals corresponding to normally spliced FMO1 observed in adult liver and adult brain.
The presence of putative FMO1 splice variants was studied by using nested PCR-amplifications. Different overlapping regions of the FMO1 cDNA were examined. These amplifications were repeated three times and a representative gel was shown (Fig. 1B) . Expression of the normally spliced FMO1 was predominant in all the tissues examined (Fig. 1B) . Only three alternative splice variants were reproducibly identified (Table 4) : skipping of exon 3 (i.e., a 189-bp fragment) was observed from all tissues, skipping of a part of exon 7 (i.e., from nucleotide 916 of the cDNA sequence to the end of exon 7, a 268-bp fragment) was observed from kidney and fetal liver and skipping of exon 8 (i.e., a 73-bp fragment) was observed from adult liver, adult brain, and fetal brain (data not shown). Although skipping of exon 7 or 8 led to a frameshift, skipping of exon 3 did not modify the reading frame.
Splice Variants of FMO2. Direct PCR amplification from cDNA did not reveal detectable amplification products (data not shown). After nested PCR-amplification, the normally spliced FMO2 was the predominant form in all tissues examined (Fig. 2) . Only a low level of alternatively spliced FMO2 forms were observed in the tissues examined. Nevertheless, two alternatively spliced products were reproducibly identified from various amplifications, one form with skipping of exon 4 ϩ 5 (i.e., a 306-bp fragment) (Fig. 2) and the other form with skipping of exon 2 (i.e., a 138-bp fragment) ( Table 4) .
Splice Variants of FMO3. After direct PCR amplification (Fig. 3A) , for all the overlapping regions examined, normally spliced FMO3 mRNA was strongly detected in adult liver (lane 3), faintly detected in adult kidney (lane 1) and fetal liver (lane 2) from human. In adult and fetal human brain, the FMO3 transcript was nondetectable except for the exon 5 to 9 amplification.
Nested PCR amplification studies (Fig. 3B ) allowed the reproducible identification of only two splice variants: skipping of exon 3 (i.e., a 189-bp fragment) conserving the reading frame and skipping of exon 7 (i.e., a 356-bp fragment) leading to a frameshift (Table 4) . Both splice variants were detected in all tissues. FMO3 splice variants were faintly detected only after direct PCR amplification (Fig. 3A) in human brain tissues. However, normally spliced FMO3 expression was always predominant in all the human tissues analyzed (i.e., brain, kidney, and liver).
Splice Variants of FMO4. The picture for splice variants of FMO4 was the most complex one observed among all the FMO members examined. After direct PCR amplification, FMO4 mRNA was detected in all tissues examined (Fig. 4A) . FMO4 was readily detected from kidney and liver (lanes 1-3), and only faintly detected from brain (lanes 4-5). In contrast to other FMOs examined, normally spliced FMO4 was not always the predominant form detected. In kidney (lane 1) and liver (lanes 2-3), normally spliced FMO4 seemed to be the most prominent FMO4 form expressed. In brain (lanes 4-5), splice variants were more readily detectable than normally spliced FMO4, when particular fragments were amplified (i.e., from exons 2 to 5, from exons 4 to 8, from exons 6 to 10). Amplification from exon 2 to 5 allowed, in human brain only, the detection of an exon 4-skipped variant (i.e., a 189-bp fragment). Amplification from exons 4 to 8 allowed the identification of two kinds of alternative splicing: skipping of exon 7 (i.e., a 200-bp fragment) and skipping of exons 6 and 7 (i.e., a 343-bp fragment) in all tissues examined (Fig. 4A) . In brain, both of these variants apparently were expressed at the same level as normally spliced FMO4. FMO4 amplification from exons 6 to 10 allowed the identification of an exon 8-and 9-skipped variant (i.e., a 423-bp fragment). Except for the exon 4-and exon 8-and 9-skipped variant, all these FMO4 deletions led to a frameshift (Table 4) .
Nested PCR amplification studies (Fig. 4B) confirmed that significant expression of the splice variants identified above occurred and allowed the identification of three new splice variants that were nondetectable after only direct PCR-amplification: skipping of exons 3 ϩ 4 (i.e., a 329-bp fragment) detected by the amplification from exons 1 to 5, skipping of ., a 352-bp fragment) detected by the amplification from exons 3 to 7 and skipping of exon 8 (i.e., a 353-bp fragment) detected by the amplification of exons 6 to 10, all of which led to a frameshift. These three splice variants were less prevalent than the normally spliced FMO4 transcript because they were not detectable after direct PCRamplification (Fig. 4A) .
Splice Variants of FMO5. The FMO5 transcript was readily detectable with a direct PCR-amplification from adult kidney, fetal liver, and adult liver (Fig. 5A, lanes 1-3) from human. From either fetal or adult brain, FMO5 transcripts were nondetectable with direct PCR. For all the FMO5 overlapping PCR-amplified regions examined, the normally spliced FMO5 was the predominant form detected. PCR fragments corresponding to skipping of exon 7 and skipping of exon 6 were only faintly detectable from kidney, fetal liver, and adult liver (Fig. 5A) Nested PCR amplification studies of FMO5 transcripts from human kidney, liver, and brain samples revealed predominantly the normally spliced FMO5 form and also a number of poorly expressed alternative splice variants, including skipping of exon 3 (i.e., a 189-bp fragment), skipping of exon 6 (i.e., a 200-bp fragment), and skipping of exon 7 (i.e., a 353-bp fragment). These FMO5 alternative splice variants were detected in all tissues examined. In addition, FMO5 transcripts with skipping of exons 3-5 (i.e., a 495-bp fragment) and skipping of exons 6 and 7 (i.e., a 553-bp fragment) (data not shown) were also reproducibly observed. FMO1, -2, -3, -4 , and -5. A nested PCR method was developed to specifically detect the exon 3 (or exon 4 for FMO4)-spliced forms of FMO (Fig. 6) . For each FMO isoform, a forward primer was designed based on the junction between exon 2 and 4 (exons 3 and 5 for FMO4) and included the last 16 to 19 nucleotides of exon 2 (exon 3 for FMO4) and the first 2 to 4 nucleotides of exon 4 (Table 3) . Reverse primers in exon 9 were used for FMO1, -2, -3, and -5 amplifications. Reverse primers in exons 7 and 10 were used for FMO4 amplification. PCR conditions were validated using wild-type FMO1, -2, -3, -4, or -5 plasmids and the corresponding exon 3 (or exon 4 for FMO4)-deleted plasmids to avoid nonspecific annealing with normally spliced transcripts.
Exon 3 (or Exon 4 for FMO4)-Skipped Variants in
For FMO1, exon 3-skipped transcripts were detected from all tissues (Fig. 6A) . The FMO1 transcript with only exon 3 skipping was detected in kidney (lane 1), fetal and adult liver (lanes 2, 3) , and fetal brain (lane 4) from human. The FMO1 exon 3-deleted transcript was not observed in adult human brain (lane 5). In brain and adult liver, exon 3 skipping was also observed associated with skipping of exon 7 or exons 7 and 8. For FMO2, no skipping of exon 3 was detected (Fig.  6B ). For FMO3, skipping of exon 3 was observed in human kidney, liver, and fetal brain, with or without skipping of exon 7 (Fig. 6C ). For FMO4, skipping of exon 4 was observed in all tissues. When exon 7 reverse primer was used to amplify exon 4-deleted FMO4 transcripts, single PCR products were observed in all tissues, indicating that skipping of exon 3 was not associated with skipping of exon 4, 5, or 6 in the presence of exon 7. However, when exon 10 reverse primer was used to amplify exon 4-deleted FMO4 transcripts, multiple PCR products were obtained. Sequencing analysis of the corresponding PCR products confirmed the presence of FMO4 transcripts with skipping of exon 3 in association with skipping of exon 9 and/or 8 and FMO4 transcripts with skipping of exon 3 alone (Fig. 6D) . For FMO5, skipping of exon 3 alone was detected in human kidney and liver (Fig. 6E, lanes  1-3) . Skipping of exon 3 in association with skipping of exon 6 and/or 7 was also detected from kidney and liver. In brain, FMO5 transcripts with exon 3 skipped were almost nondetectable (Fig. 6E, lanes 4 and 5) . for FMO4) deletion (i.e., corresponding to deletion of 63 amino acids, from amino acid 45 to 107 of FMO) on the function of FMO proteins, wild type FMO1-His 6 , FMO3-His 6 , and FMO4-His 6 and corresponding exon 3 (equivalent to exon 4 for FMO4)-deleted proteins were cloned into vector pMAL-2c. Human FMO5 was not expressed because of the lack of understanding of substrate specificity. These constructs were overexpressed in E. coli JM-109 as described above. After amylose-affinity column chromatography, purification of FMO proteins was achieved with a nickel-affinity column, as described under Materials and Methods. Purity of FMO proteins was examined by SDS-PAGE analysis (Fig. 7) . The migration of the corresponding recombinant proteins was very close to the predicted mass [MBP-FMO1-His 6 , 106.8 kDa (lane 1); MBP-FMO1-⌬ex3-His 6 , 99.3kDa (lane 2); MBP-FMO3-His 6 , 106.6 kDa (lane 4); MBP-FMO3-⌬ex3-His 6 , 99.1 kDa (lane 5); MBP-FMO4-His 6 , 109.8 kDa (lane 7); and MBP-FMO4-⌬ex4-His 6 , 102.1 kDa (lane 8). The identity of each specific band (indicated by an arrow in Fig. 7 ) was confirmed by Western blot analysis with specific antibodies (data not shown). The purity of the exon-deleted recombinant proteins was significantly less than that of the full-length construct, probably because of proteolytic degradation. This observation was based on Western blot analysis (data not shown). MBP-FMO4-His 6 was also less pure compared with FMO1 and FMO3, and this was apparently associated with its significantly lower level of expression.
Characterization of the Catalytic Properties of Exon 3 (Equivalent to Exon
Methimazole was used to investigate the ability of each variant to catalyze S-oxygenation. Methimazole was an excellent substrate for MBP-FMO3-His 6 (i.e., K m , ϳ25 M; V max , ϳ15 nmol/min/mg) and for MBP-FMO1-His 6 (i.e., K m , ϳ40 M, V max , ϳ90 nmol/min/mg). No methimazole S-oxygenase activity was observed in the presence of MBP-FMO1-⌬ex3-His 6 , MBP-FMO3-⌬ex3-His 6 , MBP-FMO4-His 6 , or MBP-FMO4-⌬ex4-His 6 (detection limit of the assay was 0.2 nmol/min). 5-DPT was used to investigate the ability of each variant to catalyze tertiary amine N-oxygenation. 5-DPT-Noxide was detected after incubation of 5-DPT with MBP-FMO3-His 6 or MBP-FMO1-His 6 . However, formation of 5-DPT-N-oxide was nondetectable after incubation of 5-DPT with MBP-FMO4-His 6 and the corresponding exon 3 (equivalent to exon 4 for FMO4)-deleted FMO1, -3, and -4 proteins (detection limit of the assay was 5 nmol/min).
Discussion
Until recently, it was assumed that proteome complexity in higher eukaryotes was mainly achieved through the differential transcriptional regulation of a large number of genes. The observation that the human genome contains a smaller number of genes than previously predicted increases the chance that alternative splicing makes a contribution to the observed complexity. Because a few splice variants of FMOs were described in rabbits (Luo and Hines, 1996; and rats (Lattard et al., 2003) , identification of such events in humans represents an important step to understand the diversity of the FMO family of enzymes. In this report, we systematically analyzed alternative splice variants occurring in FMO gene families from different tissues in humans.
To identify the totality of splicing events occurring for each FMO gene, a nested PCR amplification strategy was adopted. The size of the amplified fragment was designed to be between 600 and 750 bp to readily detect small size variations of PCR-products. For each FMO, three to four overlapping regions covering the whole coding sequence were amplified. This strategy, followed by the systematic sequencing of the PCR products, allowed the identification of a large number of splice variants in the FMO family. Among the FMO members, the picture of the splicing events observed in FMO1, FMO2, and FMO3 were relatively simple: two to three different low-level variants were observed for each gene. In contrast, for FMO5 and particularly for FMO4, the picture was relatively more complex. A large number of splicing events were observed: seven and five different splice variants were identified for FMO4 (i.e., skipping of exons 3 and 4, 4, 4 5, 6 and 7, 7, 8, 8 and 9) and FMO5 (i.e., skipping of exons 3, 3 and 4 and 5, 6, 6 and 7, 7) , respectively. Despite the identification of a large number of FMO splice variants, additional splicing events might exist. In fact, our strategy did not allow the analysis of the presence of the extreme exons (i.e., 1 and 9 or 10 for FMO4). Results from Fig. 6 and preliminary cloning of the total coding sequences for each FMO (data not shown) suggest that distinct splicing events can coexist (for example, skipping of exon 3 and skipping of exon 7 in FMO1, -3, and -5). However, this aspect has not yet been fully explored. To better understand how a specific FMO exon was selectively skipped, we evaluated each 5Ј donor site and 3Ј acceptor sites for each FMOs through web-based splice site analysis software (http://www.fruitfly.org/seq_tools/ splice.html) (Reese et al., 1997) . However, only a few exon skipping events can be associated with weak splicing acceptor sites (i.e., FMO1 exon 3, FMO2 exon 2, FMO4 exon 3, and FMO5 exon 7) and other splicing events cannot be directly associated with these splice sites. In addition, because we used pooled RNA samples during our analysis, it is possible that the measured transcripts represent those derived from a genetically variant individual member of the pooled sample (e.g., a SNP within an exon splicing enhancer). However, most of the splice variants were identified from more than one tissue pool, and the different tissue pools were all from different individuals. This suggests the contribution of a SNP to these splice variants was less likely unless it was caused by very common SNPs.
After the identification of the prominent FMO splice variants, their expression patterns were examined by direct PCR amplifications of the same overlapping regions. The expression patterns of the FMO splice variants identified in this study do not seem to be strongly tissue-specific or specifically associated with fetal or adult tissues. Furthermore, their expression level is generally lower than the expression of the corresponding normally spliced transcript. However, splice variants of FMO4 must be considered separately. Normally spliced FMO4 is expressed in human kidney and liver as the dominant FMO4 species. In contrast, FMO4-splice variants are present at higher levels than "normally spliced" FMO4 in human brain. Detection of FMO4 protein, by Western blot analysis, is difficult in some human tissues (data not shown). This might be a result of the extensive alternative splicing of FMO4. The results for FMO4 suggest that regulation of alternative splicing might be a mechanism that is equally important as regulation of the transcription level to control the expression of the corresponding proteins in tissues. In this study, we used pooled human tissue samples to develop a basic understanding of alternative splicing events in FMOs. Alternative splicing might result from single nucleotide polymorphisms. To fully explore the regulation of alternative splicing events and its putative association with protein expression, future analysis of individual-, tissue-and age-dependent variations of these different splicing events will be required.
Systematic analysis of multiple PCR-products obtained after nested PCR revealed that a high frequency of alternatively spliced forms of FMOs are present in human tissues. Although FMO genes are generally considered to produce single gene products (Lawton et al., 1994) , the presence of FMO splice variants suggest that this may not be entirely accurate. Among the identified FMO splice events occurring in humans, the majority of them lead to a frameshift (i.e., skipping of exons 7 and 8 for FMO1; skipping of exon 2 for FMO2; skipping of exon 7 for FMO3, skipping of exons 3 and 4, 4 and 5, 6 and 7, 7, and 8 for FMO4; skipping of exons 6, 6 and 7, and 7 for FMO5). The corresponding transcripts are therefore incapable of encoding a functional enzyme. Other splice events led to the lack of essential functional sites (e.g., NADPH-binding site or FATGY site), rendering any corresponding protein probably nonfunctional (i.e., skipping of exons 4 and 5 for FMO2, skipping of exons 8 and 9 for FMO4, skipping of exons 3 and 4 and 5 for FMO5) (Atta-Asafo- Adjei et al., 1993) . In fact, among all the FMO splice variants identified in this study, deletion of exon 3 (equivalent to exon 4 for FMO4) was the most common splice event occurring in FMOs and was readily detectable for FMO1, -3, -4, and -5. Study of FMO splicing events showed the existence of transcripts without exon 3 only (exon 4 for FMO4) and transcripts without exon 3 in combination with other deletions in the rest of the coding sequence. Skipping of exon 3 (exon 4 for FMO4) alone is a particularly interesting alternative splicing event. Skipping of this particular exon (i.e., a 189-bp fragment corresponding to 63 amino acids) does not modify the reading frame and might encode new isoforms of FMOs with different catalytic properties. FMO4 transcripts without exon 4 have been previously detected in rat brain (Lattard et al., 2003) . The presence of the corresponding protein (i.e., 57 kDa instead of 64 kDa for the full-length protein) was also shown in rat brain (Lattard et al., 2003) by Western blot analysis. In this study, we confirmed the presence of this deleted FMO4 isoform in humans, as well as the presence of exon 3-deleted FMO1, FMO3, and FMO5 isoforms.
There is precedent in the scientific literature that alternative splicing may generate protein isoforms with distinct characteristics (Flouriot et al., 2000; Lazaridis et al., 2000) . In this study, in-frame exon-deleted FMO proteins expressed (i.e., MBP-FMO1-⌬ex3-His 6 and MBP-FMO3-⌬ex3-His 6 ) were not able to catalyze the detectable S-and N-oxygenation of methimazole and 5-DPT, respectively. Despite the presence of the double tags (MBP and His 6 ), MBP-FMO1-His 6 and MBP-FMO3-His 6 were found to catalyze the oxygenation of both substrates with kinetic parameters comparable with those previously reported for native FMOs (Overby et al., 1997; Kim and Ziegler, 2000) . We did not observe detectable catalytic activity for MBP-FMO4-His 6 or MBP-FMO4-⌬ex4-His 6. Very low yield for the expression of FMO4 fusion proteins was observed, and this was similar to what had been reported previously (Itagaki et al., 1996) . Because the fulllength FMO4 fusion protein did not show activity in our assays, we could not unambiguously conclude whether or not the exon 4-deleted FMO4 construct was truly inactive. Exon 3 deletion does not seem to preserve the catalytic properties of FMO1 and FMO3 proteins, despite the presence of the cofactor sites (FAD-and NADPH-binding sites) essential for FMO proteins. It is possible that the lack of the 63 amino acids encoded by exon 3 leads to a modification of the protein structure, abolishing the ability of FMO to S-or N-oxygenate substrates. It is also possible that the catalytic properties of the deleted FMO proteins are significantly modified but nevertheless could recognize and oxygenate other substrates that remain to be discovered.
In summary, in humans, each FMO gene produced several transcripts as a result of alternative processing events. Exon skipping was the major splicing mechanism observed in this study. In only a few cases were splicing events caused by the presence of alternative splicing sites. In contrast to FMO6 (Hines et al., 2002) , some of the splice variants identified for FMO1, -3, -4, and -5 can lead to the production of a in-frame exon-deleted protein. For FMO4, the observation of many splice variants at significant levels must be considered in any attempt to thoroughly quantify FMO4 transcripts, for which each exon can be skipped.
